Abstract As a part of our series of studies on charged particle induced reactions on various target materials, proton induced excitation functions on natural cobalt have been measured by using stacked-foil technique. In these measurements 51 Cr, 55,56,57,58 Co, 51 Cr, 52,54,56 Mn and 56,57 Ni radioisotopes have been identified. For the above isotopes the excitation functions were determined and compared with the literature data and with the results of EMPIRE and TALYS calculations taken from the TENDL 2011 library. The agreement with previous measurements was acceptable and we could also determine new cross-section data.
Introduction
Cobalt is an element of the iron group, which is mainly used in production of alloys of good magnetic and corrosion properties as well as high durability. The radioactive cobalt isotopes are applied as high-intensity γ-ray sources as well as tracers and references radioactive sources. In addition to human oncological treatments Co is also used for sterilization of different products as food, medical tools and supplies, etc. Such high intensity γ-radiation can annihilate pathogenic species. Unfortunately 60 Co cannot be produced by proton activation on Co target. Other radioactive cobalt isotopes are the 58 Co, 57 Co and 56 Co. 57 Co has shorter half-life than 60 Co (272 d and 5.27 y respectively), so it can be effectively used in medical research. Because its low energy γ-rays 57 Co is used for clinical nuclear medical research, to calibrate SPECTs (Single Photon Emission Tomographs) and for use as a Mössbauer radioisotope [1] . The application area of 58 Co is the radiobiology, while 57 Co and 56 Co are intensively used in scientific and industrial research and practice. 57 Co is used because of its low energy γ-lines, while the advantages of 56 Co are the strong high-energy γ-lines. The radioisotope 55 Co has short half-life, that's why it is extensively used in everyday medicine and research. Because the target element ( 59 Co) is monoisotopic, it is an ideal candidate for verification and improvement of theoretical nuclear reaction codes. 56, 57, 58 Co are the radioisotopes, which are mainly used for industrial wear measurements by TLA (Thin Layer Activation) both produced from iron and from cobalt content of the alloy in question. If the alloy does not contain Fe or only Co, the wear curves, calculated from the measured cross-sections and provided for the users makes possible to perform wear measurements also on these alloys. This work is a part of our systematic study on light ion induced nuclear reactions on various elements for medical and industrial purposes, as well as for supporting theoretical calculations [2, 3, 4, 5, 6, 7] . The main goal of this study was to produce improved cross-section for the users, to calculate yield curves as well as to demonstrate the applicability of the produced radioisotopes for thin layer activation. The results may also contribute to the improvement of the theoretical model codes. Here we present experimentally determined proton induced excitation functions on natural cobalt targets performed in different accelerator laboratories at 16, 37 and 70 MeV bombarding energies. For chosen radioisotopes yield curves were calculated from the measured cross-sections, as well as activity distribution (wear) curves are given for the most appropriate isotopes. The cross-section results are compared both with the available literature data and with the results of the most recent TALYS [8] theoretical code taken from the TENDL-2011 library [9] [9], as well as with the results of the EMPIRE 3.1 calculations [10, 11] .
Experimental
For the experimental cross-section determination the stacked-foil technique was used. The measurements of the excitation functions were performed in three different experiments in two different accelerator laboratories. The first and second series of measurements were done in the Cyclotron Laboratory of the Free University of Brussels (VUB) at 37 and 16 MeV proton energies respectively. In the first experiment 50 m thick Co foils (Goodfellow) were stacked together with Cd (22.9 µm), Cu (12 µm) and Al (102 µm) foils as parallel measurement targets, monitor and energy degrader foils. The nominal beam intensity was 138 nA for 13.3 minutes at 37 MeV. In the second experiment at VUB also 50 m Co foils were stacked together with Cd (22.4 µm) and Cu (12 µm) foils without using any energy degraders. The irradiation was performed with 16 MeV proton beam for 25 minutes with 167 nA. The third series of measurements in Sendai, Japan (CYRIC) was performed at 70 MeV initial proton beam energy for 61 minutes with an average beam current of 58.2 nA. The stack was constructed from Co (50 µm), Er (25 µm) and In (50 µm) foils as parallel targets (Co, Er, In). Al (10 and 100 µm) foils were placed in the stack for monitoring the beam energy and intensity. After appropriate cooling time the stacks were disassembled and the foils were measured one by one by using HPGe detector based γ-spectrometer systems in order to construct the excitation functions for the investigated nuclear reactions as well as for the monitor reactions. Several series of measurements have been performed, shortly after the end of bombardment (EOB) showing the γ-lines of shorterlived isotopes (such as 56 Ni) without larger contribution of the longer-lived peaks, and other 2 or 3 series later to see and measure the longer lived isotopes better. The nominal beam energies and intensities were corrected in each foil by using the nat Al(p,x) 22,24 Na monitor reactions. The excitation function of these reactions were re-measured in the whole investigated energy ranges and compared with the recommended values [12] . The so calculated corrections were applied for each irradiation.
Theoretical calculations
The cross-sections of the investigated reactions were also compared with the cross-section data in the TENDL-2011 [9] nuclear reaction data library constructed by the most recent version of the TALYS code as well as with the results of the EMPIRE 3.1 calculations. For the EMPIRE code, the optical potential parameters were taken from the Recommended Input Parameter Library RIPL-2 [13] . The TENDL library was developed on the basis of the TALYS nuclear model code [8] and the RIPL-2 [13] parameters were used for the default calculations. The quality of the models in the TALYS code was improved starting with phenomenological default parameters for TALYS 1.0 and more microscopic options in TALYS 1.2 version [14] . In TENDL 2011 significant improvement is seen for the predictive power for the activation cross-sections of proton induced reactions according to our experience. The TALYS and EMPIRE-3 codes calculate population of different low-lying levels and can also estimate the isomeric ratios for these levels. For all identified radioisotope the new EMPIRE-3.1 (Rivoli) was applied [10, 11] . 
Determination of the excitation functions
The activities of the irradiated target foils were measured without chemical separation by using high resolution γ-ray spectrometry. The decay of the samples was followed by measuring each sample in several times (3-4 measurements), starting from a few hours after End of Bombardment (EOB) until weeks later. The crosssections and their uncertainties were determined by using the well-known activation and the decay formulas [15] . The decay data of the investigated isotopes and the Q-values of the contributing processes were taken from NUDAT [16] and from the Q-value calculator of NNDC [17] as shown in Table 1 . The uncertainty of the measured values was estimated in a standard way [18] : the independent relative errors of the linearly contributing processes (number of the bombarding particles (8%), number of the target nuclei (5%), decay data (3%), detector efficiency (5%) and peak area (1-7%)) were summed quadratically and the square root of the sum was taken. The uncertainty of the bombarding energy was estimated to be 0.2-0.3 MeV by the first foil and increases linearly along the stack.
Measurement of the radioisotopes of Ni
The radioisotopes 56,57 Ni having appropriate half-life and γ-energies could be observed in our experiment. Nickel isotopes are produced by (p,xn) reactions from 59 Co. According to the threshold energies of the reactions 54,55 Ni could also be produced in our high energy experiment (series 3), but because of their short halflife we could not observe them in the measured spectra. Their production must be taken into account in the theoretical calculations as mother isotope of the produced longer lived Co isotopes.
4.1.1
59 Co(p,3n) 57 Ni reaction
The 57 Ni radioisotope can only be produced through the above reaction and due to its threshold (Table 1) could only be detected in experiments 1. (37 MeV) and 3. (70 MeV). The results are presented in Fig. 1 together with the literature data and the results of the model calculations. Our data are in good agreement with the earlier results of Haasbroek [19] and Michel [20, 21] and also with Sharp [22] in the higher energy range. The results of other authors [23, 24, 25] show only partial or no agreement with our new data. Both TALYS (TENDL 2011) and EMPIRE 3.1 give good estimation up to 30 MeV, but above this energy TALYS strongly underestimates the experimental results and also its prediction for the maximum is too low. EMPIRE 3.1 gives a good estimation for the excitation function maximum and only slightly underestimates above 60 MeV proton energy.
4.1.2
59 Co(p,4n) 56 Ni reaction
The 56 Ni radioisotope can only be produced through the (p,4n) reaction and due to its threshold (Table 1) could only be detected in experiments 3. (70 MeV). The results are presented in Fig. 2 together with the literature data and the results of the model calculations. Our data are in god agreement with those of Haasbroek [19] and Michel [21] again. From the theoretical calculations the EMPIRE 3.1 gives better agreement again with our data in the higher energy region ( 60 MeV). Under 45 
Measurement of the radioisotopes of Co
The cobalt isotopes can be produced by (p,xnp) reaction from 59 Co or by decay of the produced radioisotopes of nickel. The 58 Co radioisotope is produced with (p,np) reaction. It also has an excited state with 8.94 h half-life, but only with 24.9 keV γ-energy, which was undetectable with our spectrometry system. The results for 58g Co, after the complete decay of the excited state, are presented in Fig. 3 . We have now values from all series. Our new data are in good agreement with the previous results of Stuck [24] , Haasbroek [19] , Michel [21] over 55 MeV, and with Michel [20, 21] under 20 MeV. The data of other authors ( [26, 27, 28, 29] ) give slightly different results, while the data given by Sharp [22] completely underestimate all other results. In this case the best theoretical estimation is given by TENDL 2011, while EMPIRE 3.1 underestimates above 35 MeV.
4.2.2
59 Co(p,x) 57 Co (cum) reaction
The 57 Co radioisotope is produced with (p,2np) reaction, as well as it comes from the decay of 57 Ni. The measured data are presented in Fig. 4 together with the results of previous measurements as well as of the theoretical model calculations. Our new data are in good agreement with the previous results of Haasbroek [19] and Michel [21] above 50 MeV and with Michel [20, 21] , Levkovskij [27] and Haasbroek under 40 MeV. The data of Stuck [24] are lower than ours in the higher energy range, the Johnson's data [23] decline signifi- cantly around the maximum while the previous results of Sharp [22] seriously underestimate at the whole energy domain. The theoretical model calculations give similar results up the 50 MeV except the values of EMPIRE 3.1 are better around the maximum, while in the higher energy range above 50 MeV EMPIRE 3.1 strongly underestimates and TENDL 2011 slightly overestimates the experimental values.
4.2.3
59 Co(p,x) 56 Co (cum) reaction
The 56 Co radioisotope is produced with (p,3np) reaction, as well as it comes from the decay of 56 Ni. The measured data are presented in Fig. 5 together with the results of previous measurements as well as of the theoretical model calculations. In this case we have only two series of measurements evaluated, because of the higher threshold of this reaction there was no 56 Co detected from the 16 MeV experiment. According to Fig. 5 our data agree acceptably with those of Schoen [26] and Sharp [22] in the higher energy region and with the data of Johnson [23] , Michel [20] under 35 MeV. The data of Haasbroek [19] overestimate, while those of Stueck [24] underestimate our results above 55 MeV. Wagner [29] gave very scattered values, while the results of Sharp [22] are too low again. TENDL 2011 and EMPIRE 3.1 give similar results up to 70 MeV again, while above this energy EMPIRE 3.1 declines significantly.
4.2.4
59 Co(p,x) 55 Co reaction 
Measurement of the radioisotopes of Mn
The manganese isotopes can be produced by (p,xnyp) reaction from 59 Co, or a group of neutrons and protons can also form complex ejectiles, which is energetically more favorable.
4.3.1
59 Co(p,x) 56 Mn reaction
The threshold of the 59 Co(p,x) 56 Mn reactions is above 40 MeV (see Table 1 ), coupled with relative short halflife (2.58 h). The TENDL 2011 library proposes quite low cross-section, unfortunately we could not even detect it in the 70 MeV experiment.
4.3.2
59 Co(p,x) 54 Mn reaction
The 54 Mn radioisotope is produced with (p,3n3p) reaction. From the particles 3n3p complex particles (α, d, 3 He) can be formed with lower threshold energies (see Table 1 ). The measured data are presented in Fig. 7 together with the results of previous measurements as well as of the theoretical model calculations. Our new data are in god agreement with those of Stueck [24] , Michel [21] and Sharp [22] above 55 MeV and with Michel [20] under 35 MeV. The EMPIRE 3.1 code gives a good approximation up to 35 MeV, but strongly overestimates above it. The prediction of TENDL 2011 is too low under 55 MeV and it tends to give acceptable results above 70 MeV. The 52g Mn radioisotope is produced with reactions involving complex ejectiles (see Table 1 ). The short-lived isomeric state (T 1/2 =21 min) could not be detected in our measurements. It has 1.75% internal conversion to the ground state, so our results contain this contribution. The threshold is relatively high so we have only results from the 70 MeV experiment. The measured data are presented in Fig. 8 together with the results of previous measurements as well as of the theoretical model calculations. Having relatively few data sets for comparison we can only conclude that our data agree with those of Wagner [29] at 60 MeV and slightly lower than others. The results of Haller [30] are completely out of the trend of the experimental data and theoretical predictions. Both TENDL 2011 and EMPIRE 3.1 describe the trend relatively good up to 60 MeV, but above this energy EMPIRE 3.1 gives a better approximation.
Measurement of the radioisotopes of Cr
The only chromium radioisotope to be produced by cobalt irradiation is the 51 Cr thanks to the formation of complex ejectiles (p,n2α).
4.4.1
59 Co(p,x) 51 Cr reaction
The radioisotope 51 Cr (T 1/2 = 27.7 d) was easily measurable in our high energy measurement. The measured data are presented in Fig. 9 together with the results of previous measurements as well as of the theoretical [24] in the measured energy range. The EMPIRE 3.1 follows better the trend but overestimates while TENDL 2011 underestimates the experimental values.
Physical yield
From the point of view of radioisotope production the production yield versus energy curves are even more important than the excitation functions, because the given information is more closed to the applications. Searching the literature we have found experimental or calculated yields from the following authors: Dmitriev 1981 [31], Haasbroek [19] and Abe [32] . Our calculated data are in good agreement with the data points of Dmitriev for 57 Co and 58g Co (see Fig. 10 ). 
Thin layer activation
A common use of radioisotope tracers is the study of wear, corrosion and erosion behaviors of different materials by using thin layer activation (TLA). Among the investigate isotopes in Table 1 we have selected those, which fulfill the following requirements for wear measurements:
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Integral yields
Dmitriev Co-57 [31] Dmitriev Co-58g [31] Haasbroek Co-55 [19] Haasbroek Co-56 [19] Haasbroek Co-57 [19] Haasbroek Co-58g [19] Haasbroek Ni-56 [19] Haasbroek Ni-57 [19] Abe Co-58g [32] Fig The first criterion is fulfilled for the above listed isotopes. If we consider only irradiations below 35 MeV, then only 58g Co and 57 Co remain. The TLA irradiation can be performed in two ways: 1. the so called "homogeneous" activity distribution means that the activity/layer thickness is the same in the top several micrometers of the activated surface. This can be achieved by choosing irradiation energy around the excitation function maximum (if any). These bombarding energies are 36 MeV and 22 MeV for 57 Co and 58g Co respectively. 2. The "linear" activity distribution is produced if the excitation curve has no maximum within the available energy range, or because of the lower requested penetration a lower bombarding energy is selected. In Fig. 11 the two cases for 58g Co are demonstrated. The optimum irradiation energy for homogeneous activity distribution is 22.4 MeV (solid curve), which results in constant activity (within 1%) for 121 µm depth. The scattered line represents the linear activity distribution, for which 15 MeV bombarding energy was chosen, and the linearity is valid to 42 µm depth. Similar calculations for 57 Co are also shown in Fig 11. In this case the optimum energy for homogeneous activity distribution is 31.3 MeV, while the "lin- ear" curve is produced by 25 MeV irradiation. The homogeneity and linearity ranges are 167 and 162 µm respectively. The 10 day cooling time applied in all cases is convenient period for sample measurement, preparation and possible delivery to other site. From Fig. 11 it is seen that in the case of 58g Co higher specific activities can be produced.
Summary and conclusion
Excitation functions of radioisotopes produced from natural cobalt ( 59 Co) have been measured in different accelerator laboratories by using the method of complete re-measurement of well-known monitor reactions, and compared with the existing literature data as well as with the results of different model calculations (EMPIRE-3, TALYS(TENDL 2011). Our new measurements showed acceptable agreement with the existing experimental data if available, and helped to decide if contradicting literature results exist. The results of the model calculations showed an improvement compared with the earlier versions, but there are still discrepancies especially in the higher energy range. Altogether, the both theoretical models in scope describe acceptable well the shape of the excitation functions up to 40 MeV in most cases, and also give estimation for the maximum and the maximum value. Our new data can be compared with the new versions of the theoretical model codes to elaborate an improved version of them. Yield calculations have also been performed and compared with the literature data if available. Our new results are in good agreement with the available experimental data. A graphical comparison is also given to help the users from medical or industrial field to choose the appropriate nuclear reaction. For the most suitable radioisotopes for TLA wear curves are also calculated and proved their applicability for industrial use.
